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achieved. Single longitudinal mode lasing with a linewidth of 6 
kHz have been measured. A fast model of erbium-doped fiber 
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INTRODUCTION 
N recent years [1]-[5], there has been an increased I interest in tunable fiber ring resonators, employing 
Er 3+-doped fibers. Ring configurations allows mirror free 
operation and total integration of components, thus mak- 
ing these lasers attractive for coherent communication, 
optical fiber sensors, and spectroscopy. So far several 
experimental results have been obtained with laser diode 
pumped erbium doped fiber ring configurations. Output 
power of 4.2 mW, a tuning range of 61 nm, a threshold of 
absorbed pump power of 2.9 mW, a slope efficiency of 
15% [2], and a linewidth of 1.4 kHz [5] have been achieved. 
To fully understand the behavior of the erbium-doped 
fiber laser, it is important to have a theoretical model. We 
developed a simplified and fast model, based on a theoret- 
ical treatment [6]-[9]. 
Our laser has been designed so as to verify this simple 
model and to use model predictions to optimize output 
power and slope efficiency of the fiber ring laser. 
Fig. 1. Experimental configuration of the diode pumped tunable fiber 
ring laser. 
against back reflections and, secondly, it hinders bidirec- 
tional lasing in the loop, preventing holeburning in the 
gain medium. The ring itself consist of 4.0 m of highly 
doped erbium fiber with a core diameter of 3.5 p m  and 
concentration of erbium ions of 2.1 X lo2' m-3. A polar- 
ization controller is used to control the polarization of the 
propagating light. The signal is coupled from the ring by a 
variable coupler, allowing us to couple out an optimum 
amount of the radiation with very low excess loss (0.1-0.2 
dB). Two tunable filters are used to enable tuning in a 
wide wavelength range. The band-pass filter (BPF) has 
tuning range of 1.52-1.57 p m  and bandwidth of - 2.5 
nm, and the fiber Fabry-Perot (FFP) filter has free spec- 
tral range (FSR) of 7.5 GHz and bandwidth of 0.06 nm. 
Due to a low reproducibility of the variable coupler (hys- 
teresis and offset) a monitor coupler was included for 
CONFIGURATION controlling the output coupling ratio xOut of the variable 
coupler. All nonspliced arms of the couplers are angled, 
assuring higher amplitude and frequency stability of the 
laser. Overall length of the cavity is 20 m giving a longitu- 
dinal mode spacing as narrow as - 10 MHz. 
The fiber laser configuration is shown in Fig. 1. Pump 
radiation of the diode laser around the wavelength 1.48 
p m  is coupled to the ring through a low loss and polariza- 
tion insensitive wavelength division multiplex (WDM) 
coupler. The optical isolator with insertion loss of 0.55 dB, 
isolation of 38 dB and return loss better than 62 dB serves 
a double purpose. Firstly, it protects the pump source 
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MODEL 
Our model assume knowledge of material parameters 
of the used erbium-doped fiber and passive parameters of 
the ring cavity. It can be used for prediction of the basic 
laser parameters such as threshold pump power, slope 
efficiency, tuning range, and output power. 
In [8] a simplified model of a single-mode fiber laser 
was presented by introducing a mean fraction of excited 
erbium ions along fiber axis, called ( x o ) .  Consequently, 
the calculations become significantly faster. Compared to 
a full model, this only gives an error of less than 5%. The 
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oscillating wavelength of the laser is given by the filter 
introduced in the cavity. Assuming that absorbed pump 
photons may only become amplified spontaneous emission 
(ASE) photons or signal photons, the output signal power 
P, may be found from conservation of the total photon 
number 
where Pp is the pump power, Pth is the threshold of the 
pump power, 5 is a factor, taking loss between the pump 
source and the erbium-doped fiber into account, hup and 
hu, are the energies of pump and signal photons, T~,,  is 
the cavity efficiency [see (3)]  and 1 - A  is the relative 
amount of the absorbed pump power evaluated as 
where U and up. are effective emission and absorption 
pe. cross sections for the pump, rp is the confinement factor 
of the pump mode, is the concentration of Er3' ions 
and 1 is the length of the erbium-doped fiber. The cavity 
efficiency T~,,  of the ring resonator may be calculated as 
( 3 )  
where qOur represents loss between output coupler and 
detector, LA, and L,, are relative losses between A and 
B & C and D in clockwise direction in the configuration 
and xOut is output coupling ratio of the variable coupler. 
From this expression it appears, that it is important, 
where the lossy components are placed: the cavity effi- 
ciency will be at the largest, when lossy components are 
placed between C and D. 
It may be found from the model, that it is possible to 
optimize either tuning range, threshold pump power, slope 
efficiency or output power for each length of the erbium- 
doped fiber with respect to the output coupling ratio. The 
variation of the slope efficiency is determined by the 
variations of the cavity efficiency qcav and the absorption 
of pump power 1 - A  (Fig. 2). To optimize slope effi- 
ciency (and consequently the output power) of the fiber 
laser, the output coupling ratio xout is adjusted to 85%. 
Increase of the output coupling ratio has two effects on 
the slope efficiency. The cavity efficiency qc,,, according 
to (3),  increases and the absorption of pump power de- 
creases due to higher loss in the cavity. 
Significantly lower threshold and slightly wider tuning 
range can be achieved by decreasing the output coupling 
ratio, but at the expense of lower slope efficiency and 
output power. Increasing of the output coupling ratio over 
90% results in instability of the laser due to high loss. 
%ut(' - LAB)Xout 
1 - (1 - LAB)(1 - LCDl(1 - xout) TC," = 
EXPERIMENT 
The maximum output power versus total pump power is 
measured at 1560 nm (Fig. 3). It gives us maximum output 
power of 14.4 mW at 43.2 mW of pump power. The 
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Fig. 2. Slope efficiency as a function of the output coupling ratio at 
A,  = 1560 nm. The length of the erbium-doped fiber is 4 m. 
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MODEL PREDICTION 
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Fig. 3. Output signal power without copropagating pump and ASE 
versus total pump power. Inset: characteristic power spectrum measured 
with 0.1 nm resolution. 
relatively high threshold (13.4 mW) of the pump power is 
due to high losses in the components used and loss of 
pump power between pump source and erbium-doped 
fiber. Another reason is, that erbium-doped fibers has 
both absorption and emission of the photons at wave- 
lengths around 1480 nm. This problem can be overcome 
by pumping at wavelength of 980 nm, but with introducing 
a decrease of efficiency due to smaller pump photon to 
signal photon energy rate and excited state absorption of 
the pump photons. The model prediction shows a very 
good agreement with the measured data regarding thresh- 
old pump power and slope efficiency, where the measured 
slope efficiency is as high as 48%. Due to fact, that only 
70% of the total pump power is absorbed in the erbium- 
doped fiber, the efficiency, evaluated with respect to ab- 
sorbed pump power, is 68%. Fig. 4 shows the output 
power as function of wavelength. Tuning range of the 
laser within 3 dB decline is 42 nm. The upper limit of the 
tuning range is caused by the tunability of the band-pass 
filter. The theoretical curve is in very good agreement 
with the measured data in respect to tuning range and 
output power. Humps on the model prediction curve are 
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Fig. 4. Output signal power without copropagating pump and ASE Fig. 5. Spectrum of the fiber laser output measured using a SCFP 
interferometer (peak), Driving voltage represents one whole FSR of 
SCFP interferometer. 
versus wavelength. 
due to the fact, that absorption and emission cross-section 
data were available only for discrete values of the wave- 
length ( A A  = 2 nm). To obtain good agreement between 
the experimental measurement and model prediction, it is 
important to precisely determine the wavelength variation 
of the passive roundtrip loss inside the cavity. An inser- 
tion loss of the both filters have been measured in the 
range of 3-15 dB with higher values at lower wavelengths. 
The contribution of the fused WDM coupler on overall 
loss become significant at higher and lower wavelengths 
due to sinusoidal variation of the insertion loss with 
minimum at 1552 nm.3, 4 
To measure single mode operation of the fiber laser a 
SuperCavityB Fabry-Perot (SCFP) scanning interferome- 
ter with free spectral range of 6 GHz and a finesse of 5000 
is used. It gives a resolution of 1.2 MHz, which is suffi- 
cient to establish single mode operation in this fiber ring 
laser where the mode-spacing is - 10 MHz. In Fig. 5 a 
photograph of the whole FSR of the output of the SCFP 
interferometer is shown (Fig. 5). It demonstrates single 
mode operation. For measuring the linewidth of the oscil- 
lating peak a self-homodyne method with a delay line of 
57 km is used, giving a resolution of 3.7 kHz. No self beat 
signals are observed, establishing that the laser is single 
mode. By measuring the noise limit of the setup we 
estimate the mode suppression ratio as greater than 47 
dB. A Lorentzian best fit curve of the performed mea- 
surement is giving linewidth of 6 kHz. 
CONCLUSION 
High performance of the fiber ring laser with slope 
efficiency of 48%, output power of 14.4 mW, threshold of 
13.4 mW and tuning range within 3 dB decline of 42 nm 
have been observed, all in very good agreement with 
prediction of our model. Single-mode operation with 
linewidth of 6 kHz and a mode suppression more than 47 
dB have been measured. 
ACKNOWLEDGMENT 
We gratefully acknowledge NKT Research Center A/S 
for measurement facilities, and S. Dahl-Petersen and A. 
Bjarklev for fruitful discussions. We wish to thank LY- 
COM A/S for providing the erbium-doped fiber. 
[61 
[71 
[91 
REFERENCES 
G. J. Cowle, D. N. Payne, and D. Reid, “Single-frequency travel- 
ling-wave erbium-doped fiber loop laser,” Electron. Lett., vol. 27, 
pp. 229-230, Jan. 1991. 
J. L. Zyskind, J.  W. Sulhoff, J. Stone, D. J. DiGiovanni, L. W. 
Stulz, H. M. Presby, A. Piccirilli, and P. E. Pramayon, “Electrically 
tunable, diode-pumped erbium-doped fiber ring laser with fiber 
Fabry-Perot etalon,” Electron. Lett., vol. 27, pp. 1950-1951, Oct. 
1991. 
J. L. Zyskind, J. W. Sulhoff, Y. Sun, J.  W. Stone, D. J. Stultz, G. T. 
Harvey, J. DiGiovanni, H. M. Presby, A. Piccirilli, U. Koren, and 
R. M. Jopson, “Singlemode diode-pumped tunable erbium-doped 
fiber laser with linewidth less than 5.5 kHz,” Electron. Lett., vol. 27, 
pp. 2148-2149, NOV. 1989. 
Th. Pfeiffer, H. Schmuck, and H. Biilow, “Output power character- 
istics of erbium-doped fiber ring lasers,” IEEE Photon. Technol. 
Lett., vol. 4, pp. 847-849, Aug. 1992. 
K. Iwatsuki, H. Okamura, and M. Saruwatari, “ Wavelength-tuna- 
ble single-frequency and single polarization Er-doped fiber ring- 
laser with 1.4 kHz linewidth,” Electron. Lett., vol. 26, pp. 2033-2035, 
Nov. 1990. 
J. R. Armitage, “Three-level fiber laser amplifier: A theoretical 
model,” Appl. Opt., vol. 27, pp. 4831-4836, Dec. 1988. 
M. J. F. Digonnet and C. J. Gaeta, “Theoretical analysis of optical 
fiber laser amplifiers and oscillators,” Appl. Opt., vol. 24, pp. 
333-342, Feb. 1985. 
A. 0. Nilsen, J. H. Poulsen, A. Bjarklev, 0. Lumholt, T. P. 
Rasmussen, and K. Rothvitt, “Ultrafast method for accurate pre- 
diction of fiber laser oscillation wavelength,” Electron. Lett., vol. 
27, pp. 1644-1645, Aug. 1991. 
M. Mignon and E. Desurvire, “An analytical model for the deter- 
mination of optimal output reflectivity and fiber length in erbium- 
doped fiber lasers,” IEEE Photon. Technol. Lett., vol. 4, pp. 850-852, 
Aug. 1992. 
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 27, 2009 at 04:32 from IEEE Xplore.  Restrictions apply. 
